1. We studied the vertical distributions of Cyclops cf. sibiricus in Lake Toya, a north temperate oligotrophic lake. During the winter circulation period, their distribution was vertically homogeneous both day and night. During the summer stratification period, C. cf. sibiricus stayed below the thermocline. Diel vertical migration (DVM) was pronounced in advanced developmental stages, although the upper limit of the migration became deeper as the thermocline gradually descended. This seasonal change was observed throughout the 4-year study period, implying that thermal structure is the primary determinant of C. cf. sibiricus distribution. 2. In a field experiment, C. cf. sibiricus incubated in the summer epilimnion, which most of the population never experience, developed faster and grew better than in their original habitat. We consider that trans-thermocline DVM would not have evolved because of possible disadvantages such as the cost of migration offset the benefit observed in the field experiment. The rapid temperature change at the thermocline may act as a swimming-cost estimator for the copepod. 3. Low food availability in deep water during the summer stratification period seemed to determine the lower limit of C. cf. sibiricus distribution, and the copepod minimised the risks of predation by fish via DVM. These results suggest that C. cf. sibiricus modified their distribution seasonally to obtain maximum benefit in terms of individual fitness.
Introduction
The vertical distribution of zooplankton is one of the most studied subjects in plankton ecology. Zooplankton alter their vertical distribution not only diurnally (diel vertical migration, DVM) but also seasonally (see Hutchinson, 1967) . Earlier studies revealed that fluctuations of abiotic factors such as thermal stratification (Tappa, 1965; Carter & Goudie, 1986) , light intensity (George, 1983) and dissolved oxygen (Hanazato, Yasuno & Hosomi, 1989) stimulate the shift of vertical distribution. Biotic factors such as food availability and the presence of predators also affect migration behaviour (e.g. Huntley & Brooks, 1982) . The relative importance of these factors probably varies between sites and/or between zooplankton species. Lampert's (1993) review provides the history of studies on the adaptive significance of DVM behaviour, mainly from the standpoint of the predationavoidance mechanism. Basically, the growth of zooplankton is rapid in the warm, food-rich epilimnion. But zooplankton stay there only at night and migrate to deep water at dawn to avoid predation by visually-oriented planktivorous fish, although this downward migration retards growth because of the low temperature of deep water (Lampert, 1993) . The negative effects of temperature are so critical that some zooplankton migrate up to the warm epilimnion at night although food conditions in their daytime habitat are better than that in the epilimnion (Williamson et al., 1996) .
Some zooplankters are, however, only found in cold water such as the summer hypolimnion. These zooplankters are generally thought to be cold stenotherms, although the relative importance of factors regulating their vertical distribution is not fully understood. In Lake Toya, an oligotrophic caldera lake in Hokkaido, Japan, the population of a cyclopoid copepod Cyclops cf. sibiricus inhabits the hypolimnion continuously in the summer (Makino & Ban, 1998) . We monitored the daytime and night-time vertical distribution of C. cf. sibiricus and environmental factors such as water temperature for 4 years. We also conducted field experiments to evaluate the effect of summer epilimnetic temperature on the growth of C. cf. sibiricus. From these results, we discuss the relative importance of factors regulating their vertical distribution and the possible benefits that relate to seasonal changes in the vertical distribution.
Methods
Cyclops. cf. sibiricus in Lake Toya was formerly identified as C. strenuus Fishcher (Mizuno & Takahashi, 1991; Makino & Ban, 1998 , 2000 . However, a recent taxonomic study (Ishida, 2002) shows that there are some morphological differences between specimens formerly identified as C. strenuus from Lake Toya (and other places in Japan) and European C. strenuus (e.g. Einsle, 1996) and argues that C. cf. sibiricus is more appropriate nomenclature for this copepod in Japan. This 'C. cf. sibiricus' is distributed in large oligotrophic lakes in Japan and regarded as a northern stenotherm copepod (Mizuno & Takahashi, 1991) .
Field survey
Sampling was conducted on a monthly basis (bimonthly in the winter period) from May 1993 to December 1996 at an offshore station in Lake Toya (170 m deep). Details of the site and the lake are given by Makino, Haruna & Ban (1996) . Zooplankton samples were collected in the daytime (10:00-12:00 hours) and the night-time (22:00-23:00 hours) with a closing net (mouth opening, 20 cm; mesh size, 0.1 mm). Depth ranges sampled included 0-5, 5-10, 10-15, 15-20, 20-25, 25-30, 30-40, 40-50, 50-60, 60-80 and 80-100 m. Collected samples were anaesthetised with carbonated water and fixed in 5% sugar formaldehyde solution (Haney & Hall, 1973) . During the daytime sampling, water temperature above 50 m deep, Secchi transparency and lake surface illumination were measured with a thermistor thermometer, a 30-cm diameter Secchi disk, and a sun illuminator (SLX-1332, SANSYO, Tokyo, Japan), respectively. Water samples were also collected with a Van-Dorn sampler (Rigosha, Saitama, Japan) from 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 80 and 100 m depths for measuring chlorophyll a (<50 lm) concentration, which was measured fluorometrically (Wetzel & Likens, 1991) .
We counted zooplankton with a dissecting microscope at 20-40· magnification. Cyclops cf. sibiricus were separated to four developmental stages: nauplii, early and late copepodites (C1-3 and C4-5, respectively), and adults. For the purpose of defining their vertical distribution, the absolute abundance for each developmental stage was standardised by converting to the percentage of the total population of that stage occurring in each depth stratum. Then, weighted mean depth (WMD) was estimated by the equation given in Worthington (1931) , and the depths of percentiles 25 and 75% were also calculated from the vertical distributions. For determining the presence or absence of DVM behaviour, we compared day and night vertical distribution by Kolmogorov-Smirnov test. We considered DVM to occur when the difference between day and night was statistically significant, and then the magnitude of DVM (DZ) was calculated as the difference between the daytime and the night-time WMD, with positive values indicating normal DVM (ascending at dusk and descending at dawn). Light intensity at the WMD of each developmental stage was then calculated according to the equation in Wetzel (2001) with the lake surface illumination and the extinction coefficient estimated from Secchi depth.
During the period of our vertical distribution survey, another routine sampling was also carried out at the offshore station at 10-day intervals (Ban et al., 1997) . Samples were collected with a Van-Dorn sampler from 0, 5, 10, 20, 30, 40, 50, 60, 80 and 100 m depths. Zooplankton in the sample were collected with the plankton net with 50-lm mesh size, and the filtered lake water was used for chlorophyll a analyses. In the present study, this data set was used to evaluate the food condition of C. cf. sibiricus in the lake because the routine sampling provided us more data points and more reliable amounts of rotifers and phytoplankton, which are potential prey organisms of C. cf. sibiricus (Makino & Ban, 1998) . We calculated the food quantity index, or the ratio of average food abundance per unit volume of water in the 0-20 m (roughly corresponding to the epilimnion) or 20-60 m layer (roughly corresponding to the habitat of the copepod in summer) to that in the 60-100 m layer, because few individuals of C. cf. sibiricus inhabited the 60-100 m layer during the summer (see Results) and we wanted to quantitatively compare the food condition in that layer with another layer. Note, however, that this is somewhat crude index because food qualities such as nutritional composition, ingestibility and digestibility are not concerned.
Field experiment
Cyclops. cf. sibiricus stayed in the hypolimnion and did not migrate up to the epilimnion during the summer stratification period (Makino & Ban, 1998) . This behaviour may mean that the epilimnetic temperature is harmful or highly suppressive for the growth and development of C. cf. sibiricus. To test this hypothesis, we conducted a translocation experiment at the offshore station in May-November 1993 and JuneJuly 1994 (once a month). For this experiment, C. cf. sibiricus were grown in the epilimnion and in their original habitat.
In the 1993 experiment, lake water was collected from either 20 (May-September) or 12 m (October and November) with 5-L Van-Dorn sampler and a total 20 L of water (i.e. four Van-Dorn casts) were gently transferred into a 20-L transparent plastic bag equipped with two mesh windows (mesh size, 70 lm), allowing food particles to move in/out and realise ambient food condition inside the bag. The abundance of zooplankton, including C. cf. sibiricus, in the bag was kept identical to that of their original habitat. In the 1994 experiment, zooplankton were collected by the 0-40 m vertical haul of plankton net (mesh size, 0.1 mm) and transferred into a plastic bucket containing 10 L of filtered (50 lm) lake water.
Then a 200-mL water aliquot was transferred from the bucket to the plastic bags filled with the filtered lake water. For both years, these plastic bags were incubated in the epilimnion, upper and middle-lower part of the living space of C. cf. sibiricus for 6-15 days (see Results). We prepared three replicates for each depth. At the end of the incubation, zooplankters were collected with a plankton net (mesh size, 50 lm), anaesthetised with carbonated water and fixed in 5% sugar formaldehyde solution (final samples). On the set-up day of this field experiment, three additional zooplankton samples were made to know initial stage composition and mean body weight of C. cf. sibiricus population in the plastic bags.
Copepodite C. cf. sibiricus in the samples were counted as described above. For each incubation depth, mean developmental stage number (S m ) was calculated by the equation:
where n C i was the number of individuals in the developmental stage(s) i. Copepodite growth rate (G, per day) was also calculated by the equation:
where W f and W i were the average body weight of copepodite population on the final and initial days, respectively, and D was the incubation period (days). W f and W i were determined from the number of animals in each developmental stage, and the average individual body weight in each developmental stage that was obtained by drying and weighing them directly. Adult C. cf. sibiricus were excluded from the W i calculation because adults do not grow. First stage copepodites (hereafter C1) were excluded from the W f calculation because these individuals were nauplii at the beginning of the experiment. We also assumed that a half of adults found in the bag on the final day had already reached adulthood at the beginning of the experiment. Thus, individuals in C1-5 were considered for the W i measurements while individuals in C2-5 and a half of C6 were considered for the W f measurements.
Using S Y S T A T S Y S T A T software (SYSTAT Inc., Evanston, IL, USA), one-way A N O V A A NO V A was performed to examine the differences in stage composition (log-transformed mean stage number) and growth rate among incubation depths. The relationship between growth rate and temperature and algal abundance were also examined
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where T and C were temperature and chlorophyll a concentration at incubation depths, respectively.
Results

Field survey
The lake was nearly isothermic at 3-4°C in January, March and April in every year, indicating that it was the winter circulation period (Fig. 1) . Warming up of the lake surface started in May. Thermal stratification was observed from late June/early July to the end of October, and the depth of the thermocline gradually became deeper (from c. 10-20 m) during this stratification period. Changes in water temperature were mostly limited to the upper 30 m and water temperature below this depth ranged roughly from 4 to 6°C throughout the study period. The distribution of chlorophyll a was less predictable than that of water temperature, except that there was homogeneous distribution throughout the water column during the winter circulation period. In 1993 and 1994, hypolimnetic chlorophyll maxima were observed between 20 and 50 m deep. This trend was strong in October 1993 and June to September 1994, when the concentrations at the maximum reached 1-2 lg L )1 . In 1995 and 1996, hypolimnetic chlorophyll peaks were also observed in June-July. However, chlorophyll was generally more abundant in the epilimnion than in the hypolimnion in 1995 and 1996, when the hypolimnetic chlorophyll concentrations were mostly below 0.5 lg L )1 . Seasonal changes in the vertical distribution of C. cf. sibiricus corresponded to the vertical profiles of water temperature. During the winter circulation period in which temperature was 3-4°C, the population was scattered broadly throughout the whole water column both day and night. In May when thermal stratification was not yet completely developed the population began to be concentrated between 20 and 40 m deep, and, except in 1994, a part of the population reached just below the lake surface at night. During the summer stratification period, although very limited number of individuals were found in the samples collected in the epilimnion, most of the population were distributed below the thermocline both day and night. The upper limit of the distribution of this main population corresponded to the depth where water temperature was c. 14°C, and became deeper with the gradual downward shift of the thermocline. In November when the thermocline dissipated, C. cf. sibiricus migrated upwards and appeared again in the 0-20 m layer. This seasonal change was consistently observed in the 4-year study period (Fig. 2) .
As shown in Fig. 3 , 50% of C1-3, C4-5 and adult populations were distributed between 20 and 40 m deep in May and June. Thereafter, they migrated downward until August (or September for 1995), and then migrated upwards. The distribution of C4-5 was well overlapped with that of adults, and adult males and females occupied almost the same layer throughout the season. C1-3, however, tended to be in a shallower layer than C4-5 and adults in the daytime, especially in October. The average habitat temperature was 5-6°C for all these copepodites in May, gradually increased toward October when habitat temperature reached 10-11 and 8-9°C for C1-3 and C4-6, respectively. In 1995, the distributions of copepodites in each month were deepest among the observation years, resulting in a few degree lower habitat temperatures. The distributions of nauplii were more stable than that of copepodites. The WMDs of nauplii were 30-40 m deep in 1993 and 1994, and at 20-30 m deep in 1995 and 1996. Older developmental stages performed DVM more frequently and strongly than younger developmental stages (Table 1) . Kolmogorov-Smirnov test detected significant differences between day and night vertical distributions (i.e. DVM) in 7, 13, 21 and 21 of the 25 observations for nauplii, C1-3, C4-5 and adults, respectively, and the migratory amplitude increased from 2-4 m for nauplii to 6-10 m for C4-5 and adults. However, no migrants crossed the developed thermocline. In most cases, therefore, these DVM behaviours produced only <1°C diel changes in the habitat temperature for all developmental stages. As shown in Fig. 3 , the daytime vertical distribution of C4-5 and adults in each month were deepest in 1995. However, the migratory amplitudes in 1995 were comparable with other years because the night-time vertical distributions were also deepest in 1995.
During the winter circulation period, the food quantity index for both algae and rotifers in both 0-20 and 20-60 m were close to 1, indicating almost homogeneous distribution of potential prey organism in the lake (Fig. 4) . During the summer stratification period, on the contrary, the indices were mostly greater than 1 and reached up to 10 and 1200 for algae and rotifers, respectively, in the 0-20 m layer (roughly corresponding to the epilimnion). The indices also reached 2-6 and 5-80 for algae and rotifers, respectively, in the 20-60 m layer (roughly corresponding to the habitat of C. cf. sibiricus in the lake).
Field experiment
The number of copepodite C. cf. sibiricus at the start of the translocation experiment were 80 to 250 individuals per bag except for September ($30 individuals), October and November 1993 ($10 individuals). Younger copepdites dominated in May-July, resulting in mean stage numbers around 3 (Table 2) , while late copepodites and adults occupied larger fraction than younger copepodites in autumn. The mean stage number advanced significantly after the in situ incubation except for November 1993 (Table 2 ). In JuneAugust the copepod developed faster in the epilimnion (5 m deep), where temperature was 15-20°C (i.e. most of the population never experience), than in deeper incubation depths within their original habitat, where they sometimes did not show any The habitat selection of a cyclopoid copepod 1557 developments during the incubation period. This epilimnetic advantage was also evident in terms of growth rate; the copepod grew two-to seven-fold better in the epilimnion than in their original living space in June-August (Table 3) . Although this epilimnetic advantage was not clear in fall months, our multiple regression analysis with all data indicated significant positive effect of temperature on the growth rate; we got the following equation, G ¼ 0.003T + 0.016C ) 0.007 (r 2 ¼ 0.38, F 2,72 ¼ 21.7, P < 0.001). As chlorophyll a concentration also positively related to growth rate, this multiple regression equation successfully depicted overall bottom-up regulation for the growth of the copepod in the lake. Standard multiple regression coefficients were 0.58 and 0.24 for temperature and chlorophyll a concentration, respectively, suggesting stronger influence of temperature on the growth of C. cf. sibiricus than that of algal abundance.
Discussion
Our results showed a highly predictable seasonal pattern in the vertical distribution of C. cf. sibiricus in Lake Toya. Although C. cf. sibiricus were scattered throughout the whole water column in the winter circulation period, during the summer stratification period, when the epilimnetic water temperature was above 14°C, they were practically absent from this layer. This pattern, continuously observed in the 4-year study period and in a previous study (Makino (1995) 3.5** 0 4.8*** 8.2*** June 2.0* 0 17.5*** 9.4*** July 2.4* 1.6** 5.7*** 8.8*** August 0 0 9.0** 6.1* September 0 0 10.0*** 2.9* October 0 6.1* 7.9*** 9.2** November 3.7** 7.7** 13.7*** 11.6*** May (1996) 0 4.8*** 10.6*** 1.6*** June 0 0.4** 9.4*** 7.4*** August 0 0 9.4*** 4.4* October 2.3* 4.1*** 2.5*** 6.4*** Level of significance: *P < 0.05; **P < 0.01; ***P < 0.001. & Ban, 1998) , suggests a critical role for thermal structure of the lake in defining the vertical distribution of C. cf. sibiricus. Similar seasonal patterns in vertical distribution have been observed for some European populations of C. abyssorum (Stich, 1989; Nauwerck, 1993) and some calanoid copepods, such as Limnocalanus macrurus (Carter & Goudie, 1986) and Leptodiaptomus sicilis (then Diaptomus sicilis in Wilson & Roff, 1973 , cited in Bowers, 1980 . Cyclops. cf. sibiricus remained in the hypolimnion in the summer stratification period, which enables the copepod to remain in relatively cool water temperature (up to 10-11°C) throughout the year. One might think that C. cf. sibiricus is a cold stenotherm species and that individuals avoid summer epilimnetic temperature because it is harmful for their growth and development. However, Vanderploeg et al. (1992) collected L. sicilis from Lake Michigan and raised them at 6°C (the habitat temperature of L. sicilis) and 20°C (summer epilimnetic temperature that L. sicilis never experience). They found that increasing the temperature from 6 to 20°C resulted in rapid maturation of the ovaries, suggesting that low temperature in the habitat of L. sicilis is a bottleneck to ovarian development. Although the food condition of their experiments was well above the in situ levels (see Vanderploeg et al., 1992) , we found similar positive epilimnetic temperature effects on the growth and The habitat selection of a cyclopoid copepod 1559 development of C. cf. sibiricus at in situ food levels; the copepod could develop and grow even better in the summer epilimnetic temperature, which most of the native population never encounter, than in their normal temperature range in the lake. Furthermore, copepodite growth rate was positively related to temperature and this positive effect was stronger than that of algal abundance. Thus, our translocation experiment and the results of Vanderploeg et al. (1992) did not provide any reasons why 'cold stenotherm' copepods need to avoid warm surface waters. Remaining in deeper waters is also regarded as a mechanism to avoid visually-oriented planktivorous fish because it is darker in the deeper waters (Kerfoot, 1985; Lampert, 1993) . In Lake Toya, kokanee (Oncorhynchus nerka) and pond smelt (Hypomesus transpacificus nipponensis) are critical predators for crustacean zooplankton (Motoda, 1950; Ban et al., 1997; Sakano, 1999) . In summer, these fish inhabit the metalimnion-hypolimnion and in their stomachs adult female and late copepodite C. cf. sibiricus were often found (Sakano, 1999) . To know how effective was the summer vertical distribution of C. cf. sibiricus against the fish predation, the light intensity at the WMD was estimated from surface light intensity and Secchi depth (Makino, 1998) . For late copepodites and adults, which were distributed in the deepest layer, the light intensities were almost below the threshold level for detecting the prey for cyprinid fish (10% of surface level, Zaret & Suffern, 1976) . But these values were mostly above the threshold level for three-spline stickleback (1.6 lE S )1 m )2 ) (Ghan, McPhail & Hyatt, 1998) and for freshwater and marine fishes including salmonidae (1 mlux) (see Geller, 1986) . These results suggest that although the low temperature in the hypolimnion would reduce fish feeding rate (e.g. Elliot, 1975) , C. cf. sibiricus should have moved into deeper water (e.g. below 60 m deep) to completely avoid fish predation. Thus we argue that a predation avoidance mechanism would not fully explain the summer vertical distribution of C. cf. sibiricus. 0.011 0.007 B *P < 0.05; **P < 0.01; ***P < 0.001. P > 0.05 for others.
We should pay attention to the fact that our translocation experiment was static; C. cf. sibiricus were incubated in the epilimnion (and other layers) continuously during the experiment. Thus the cost of long-distance swimming for the trans-thermocline migration (sometimes over 30 m) was not reflected in the growth and development of the copepod. Although data about the proportion of total metabolism consumed in swimming activity are scarce and contradictory in copepods (0.1-95%, see Alcaraz & Strickler, 1988) , there is evidence in Daphnia that long-distance swimming imposes a significant growth retardation under food-limiting condition (Dawidowicz & Loose, 1992) . We argue that the cost of locomotion may be one of the possible disadvantages that offset the positive epilimnetic temperature effects on the growth and development. Earlier studies pointed out that the rapid temperature change in the metalimnion stimulates the positive geotaxis of zooplankton ascending out of the hypolimnion (see Hutchinson, 1967) . The well-developed thermocline may act as a swimming-cost estimator for C. cf. sibiricus and other hypolimnondwelling zooplankton.
We can summarise the present study as follows: the primary factor determining the vertical distribution of C. cf. sibiricus is the thermal structure of the lake. Although high epilimnetic temperature in summer seemed to be 'avoided' by the copepod, they did have the potential ability to grow and develop better there. Perhaps the swimming cost of trans-thermocline vertical migration offsets such benefits, which may be one possible reason why C. cf. sibiricus stayed in the hypolimnion throughout the day in summer. As the light condition of their habitat (the shallow part of hypolimnion) did not provide a complete refuge from fish predation, the copepod seemed to need to migrate down to deeper water. However, the risk of starvation becomes severe in deeper water because of poorer food conditions, so C. cf. sibiricus may have evolved a 'better dead than unfed' type behaviour (Huntley & Brooks, 1982) to stay within the relatively food rich, upper part of the hypolimnion (indicated by higher food quantity index than lower part of hypolimnion), even during the daytime. The greater amplitudes of DVM for more developed individuals, which agree with the DVM theory under size selective predation, probably reflect a compromise between the threat of starvation and predation. The reduced water temperature allowed C. cf. sibiricus to migrate up to food-rich surface layer in autumn. The vertically homogeneous distribution of potential prey, and the probable reduced fish feeding rate because of the low temperature, allowed C. cf. sibiricus to be scattered from the surface to the bottom of the lake in the winter circulation period. These findings indicate that individuals in the Lake Toya C. cf. sibiricus population modify their distribution seasonally to obtain maximum benefit in terms of individual fitness.
